Force-velocity relations were obtained from single cardiac myocytes isolated by enzymatic digestion of rat myocardium and permeabilized with the pore-forming staphylococcal toxin c-hemolysin. Single cardiac myocytes were attached to a force transducer and piezoelectric translator and viewed with an inverted microscope to allow periodic monitoring of sarcomere length during experiments. Permeabilized cells were activated by immersion in a bath of known [Ca 2+j. We report that the Ca 2+ sensitivity of cells obtained by enzymatic digestion and permeabilized using a-hemolysin is similar to that reported previously for mechanically disrupted ventricular myocardium; however, the tension-pCa relation is less steep in the new preparation. During isotonic measurements, force was clamped to various loads using a rapid-response servo system. All recordings of shortening under load were distinctly curvilinear, and analysis of data involved fitting each shortening recording with a single exponential curve and calculating the value of the slope at the initial time of the load clamp. In addition, the presence of significant resting force at initial sarcomere lengths in these cells required that the possibility of alteration of velocity due to the presence of resting force be addressed. The maximum shortening velocity in fully Ca2+-activated single ventricular myocytes studied by this method was 2.83 muscle lengths per second on average. The basis for curvilinear shortening is postulated to be multifactorial in cardiac muscle, involving a combination of shortening inactivation and one or more passive elasticities that resist stretch or compression depending on sarcomere length. Shortening velocity shows a dependence on myosin isoform content when cells from a single heart are compared; however, this relation does not hold when cells from different hearts are compared. The behavior of single a-hemolysin-permeabilized myocyte shortening under loaded conditions at lower levels of Ca 2+ is also described. During submaximal Ca2+ activation, initial shortening velocities are faster than those observed in maximally activated cells. This may be due to contributions of high passive force to increase shortening velocity under conditions of low active force generation, when passive force in the cell is a greater proportion of the total force and there are fewer bound crossbridges.
T he factors that determine shortening velocity in mammalian myocardium appear to be complex,1 involving both active interaction of crossbridges with actin and passive structures that variably load the crossbridges. In his 1957 model of muscle contraction, A.F. Huxley2 proposed two basic kinetic transitions for the crossbridge: attachment to actin, which produces force and is regulated by the rate constant f and detachment, regulated by the rate constant g. Although it has since been shown that a two-step kinetic scheme does not account for all the transitions within the crossbridge interaction cycle,3 many mechanical measurements may still be regarded as reflecting two transitions, that from the non-force-producing state to the force-producing state, and the reverse, from force-producing to non-force-producing. Force-velocity relations have been regarded as a probe of the latter transition, in that shortening velocity is thought to be limited by those kinetic transitions involved in detachment of crossbridges from actin. Force-velocity relations obtained from muscle under a variety of conditions may be compared to detect alterations in the kinetics of the detachment process, while at the same time characterizing a physiologically relevant property of the preparation.
The force-velocity relation has been well characterized in intact cardiac muscle. The relation between shortening velocity and imposed load in multicellular myocardial preparations4,5 exhibits a decrease in contraction velocity as load on the muscle is increased. In addition, isotonic shortening of cardiac muscle has been shown to be nonlinear by several investigators.46,7 The problem of determining shortening speed in a preparation that has a constantly changing velocity has been addressed differently by different investigators, but all agree that the important value as a measure of actomyosin ATPase activity is the instantaneous shortening velocity of the preparation at the initial sarcomere length after the load clamp. The nature of the load causing slowing of shortening velocity with time is unknown, although several possibilities have been pos-tulated. These include (1) a passive elasticity that increases with increasing sarcomere length (responsible for resting force), which is unloaded onto the active elements with shortening, thereby reducing velocity with time8 (although this same elasticity, when present, increases the instantaneous shortening velocity at any given load), (2) restoring forces, ie, passive elements that tend to resist shortening of the cell, thus increasing the load on the active elements with shortening,89 and (3) slowly detaching crossbridges that accumulate during shortening and resist further shortening by the active elements. 10 Despite a great deal of effort, it has been difficult to measure the relation between shortening velocity and developed force in single intact or skinned cardiac cells, and as a result, it has not been possible to directly study molecular mechanisms of the regulation of crossbridge interaction kinetics in cardiac muscle. Kent et all' and Mann et al12 have reported viscosity-velocity relations for single cells; however, tension during these contractions was not measured and continually changed during shortening, making it difficult to relate these data to isotonic force-velocity data. The single report of force-velocity relations from single cardiac cells13 observed maximum velocities that were lower by an order of magnitude than those reported in multicellular cardiac preparations. The velocities found by de Clerck et al13 thus appear to be abnormally low for cardiac muscle because of either incomplete activation of the cells by the iontophoresis technique used or damage to the cells during the isolation or attachment procedures.
We describe a series of experiments in which isotonic shortening velocity was measured in skinned single myocytes from rat ventricles. The skinned preparation allows steady activation of cells with known [Ca2] , thus allowing for precise control of level of activation.14 The maximum velocities obtained in these cells are all higher than those reported previously by extrapolation of the force-velocity relation of single cardiac myocytes,13 are comparable to those found in isotonic measurements on intact multicellular preparations of myocardium,4i5,15 and are perhaps slightly higher when temperature differences are taken into account. This tendency of isolated cells to shorten at velocities higher than those observed in multicellular preparations has been observed previously. 16 The time course of isotonic shortening of single myocytes was found to be curvilinear with a single exponential form, both at maximally activating and submaximally activating Ca>2 levels, suggesting the presence of some type of internal load(s) throughout the entire shortening period. We also found that initial shortening velocity increased when the concentration of activating Ca 2+ was reduced to submaximal levels (isometric force, 20% to 35% of maximal isometric force), but cells shortening isotonically at submaximal Ca>2 levels slowed with time to velocities lower than those seen in maximally activated cells. In addition, the relation between shortening velocity and the proportion of V1 myosin isozyme in a cell was investigated. We also describe a technique for attachment of single cardiac myocytes that allows routine measurement of static and dynamic mechanical properties of these cells. Otherwise intact cells obtained by enzymatic dissociation of rat hearts are permeabilized using a-hemolysin, a staphylocell types, permeabilization with a-hemolysin prevents uncoupling of membrane-bound receptors seen with detergent permeabilization.17
Materials and Methods Preparation of Heart Cells
Enzymatic isolation of ventricular myocytes was carried out using the procedure of Haworth et al.18 Female Sprague-Dawley rats were anesthetized per veterinary protocol by an intramuscular injection of a mixture of 50% ketamine (30 mg/kg) and 50% xylazine (6 mg/kg). The heart was removed, the aorta was cannulated with a short length of polyethylene tubing, and the heart was hung by the cannula on a modified Langendorif perfusion apparatus. Perfusate was continuously oxygenated and was warmed to 37°C by a water-jacketed delivery system. The heart was first perfused with 75 mL KrebsHenseleit solution (see "Solutions" below). The heart was then perfused with 50 mL of Ca`4-free buffer that was otherwise identical to Krebs-Henseleit solution.
Next, 50 mL Ca2`-free perfusate containing 1 mg/mL collagenase (type I, Worthington Biochemical Corp, Freehold, NJ) and 0.6 mg/mL hyaluronidase (type I, Sigma Chemical Co, St Louis, Mo) was recirculated through the heart for 10 minutes. CaCI2 was then added to the recirculating solution to a final concentration of 1 mmol/L, and perfusion was continued for 10 minutes more. The heart was removed from the perfusion apparatus, and the ventricles were isolated and cut into small pieces (3 to 5 mm). The minced tissue was added to 10 mL of the recirculating enzyme solution and shaken in a 37°C water bath for 25 minutes. The resulting suspension was aspirated through a large bore (-4 mm) plastic pipette tip several times to break up any remaining large pieces of tissue and was subsequently filtered through 300 -gm Teflon mesh. The cells were spun at 20g for 1 minute, followed by 15 seconds at 165g. The pellet was resuspended in a high-K' relaxing solution. This centrifugation-resuspension procedure was done a total of three times. One milliliter of the final cell suspension was transferred to a separate test tube, and 125 U a-hemolysin (Toxin Technology, Madison, Wis) was added. Most cells were permeabilized after 60 minutes in this solution at room temperature.
Solutions
The Krebs-Henseleit solution used during cell isolation procedures contained (mmol/L) NaCI, 118; KCl, 4 inserted into the steel plate 3 mm from the middle experimental trough. Sarcomere length was monitored using either photomicrographs from a Polaroid camera back that was mounted above the microscope eyepiece or the video camera described above. Fig 1 is a diagram of the entire experimental setup.
Experimental Protocol
The protocol for force-velocity measurements was as follows. The attached permeabilized myocyte was maximally activated isometrically in a solution of pCa 4.5 twice after attachment. Approximately 75% of attachments were of poor quality, as judged by loss of visible striation pattern during these activations, and these cells were discarded. If the sarcomere pattern remained visible during maximum activation, the cell was photographed during maximum activation, and sarcomere length was more precisely assessed (Fig 2) . Sarcomere length during activation was set to approximately 2.30 ,um, or the plateau of the length-tension relation of skinned cells, by adjusting overall length when the cell was relaxed. Resting force was initially determined by fully releasing the relaxed cell, and any cell that generated low active force (arbitrarily chosen as less than twice resting force) was discarded. While in relaxing solution, cells were then subjected to three ramp shortening and relengthening steps of different durations (Fig 3) . This was done to characterize the resting force present in the cells, which was relatively high (mean of 27±13% maximum total force). After the ramp steps, the cell was activated, and isotonic experiments were begun. Although the baseline of the transducer was relatively stable, the baseline was offset when the cell was shifted from bath to bath. . Force during the clamp was 1.1% total active force. The exponential fit was started when the load was clamped and all passive force was determined to be released, in this case, 67 milliseconds from the beginning of the recording. Velocity, determined as the slope of the tangent to the fit at the time of the release (50 milliseconds from the beginning of the recording), was 1.77 muscle lengths per second. The small fluctuations seen in the initial portion of the length tracing correspond to resonant vibrations of the force transducer that are evident in the force tracing and should not be confused with velocity transients.
Others were maximally activated first, then activated in low Ca2, and finally returned to maximally activating solutions. Still others were studied only during maximum activation. Regardless of the order of activation, the velocity measurement protocol described above was used during each activation series.
Tension-pCa data were obtained by bathing the cell in solutions of different levels of [Ca"] and monitoring total force development. On exposure to activating solution, force was allowed to develop, and then a large slack step was introduced to the cell to obtain the zero force baseline. Active force was measured as total force during activation minus total resting force measured by a slack step in solution of pCa 9.0. This protocol has been described in detail previously.20
Data Analysis
The force level at which the isotonic contraction occurred was determined by dividing the force during the velocity measurement by maximum active force during that contraction (total force minus resting force) to determine the percentage of total force applied to the cell during the load clamp.
All recordings of shortening under load were distinctly curvilinear, necessitating analysis of both the initial shortening velocity and changes in shortening velocity with time, as discussed by Brenner.6 As determined by Brenner, curvilinear isotonic shortening records were well fit by a single exponential of the following form: (1) L=Ae
where L is cell length at any given time t, A is the initial length, k is the rate constant of decay of the exponential, and C is the length at which velocity became zero. The raw data for each force clamp, ie, length versus time, were fit with a single exponential, and the fitted curve was then extrapolated back to the time of the release to determine the shortening velocity of the muscle at the moment the load clamp was imposed. Initial time (to) was chosen because it is the time chosen by most investigators for analyzing force-velocity data, and this permits comparisons with other work. Velocity at to is also a manifestation of the shortening behavior of the muscle at a known sarcomere length and activation level. This value was used in subsequent analysis as the shortening velocity at that experimental load. An example of a load clamp with the single exponential fit superimposed is shown in Fig 4. Cells in this study exhibited resting forces equivalent to 27±13% of maximum total force at the initial sarcomere length (2.30±0.02 gam). The presence of significant resting force at the time of imposition of a load clamp has been shown to increase measured shortening velocity.8 Thus, we used a somewhat elaborate procedure to determine the time course of relaxation of the resting passive elasticity, enabling us to analyze only data minimally distorted by those passive forces present at long sarcomere lengths (>1.90 ,um). We first attempted to mimic a load step in a passive cell by introducing steps of various sizes followed by ramps of variable speeds. We found that regardless of the combination of length changes introduced, passive force was dissipated by a given change in length for each cell and that the speed of the maneuver did not alter this, as described earlier. We then switched to a single ramp shortening, executed at three different speeds, to determine the length change needed to release the passive force in that cell. The force tracings during these ramp steps were quite distinctive (Fig 3) , showing a reproducible force decline, which was always complete after a given change in length regardless of the speed of the length change. After this determination, the recording of length change during each load clamp was analyzed to determine the time point at which the amount of shortening necessary to release the resting force had occurred. Only data after that time were included in the curve-fitting analysis, and then the value of that curve at the initial moment of the clamp was determined and used in further data analysis. This meant that frequently the early portion of the length tracing was excluded from curve fitting, because this portion of the curve is presumably influenced by the presence of resting tension in the cell. When the full length tracing was then superimposed on the curve fit to data obtained after elimination of passive force, there was invariably a deviation of the early data above the fit. We take this to be a demonstration of the elevation of shortening velocity by the presence of passive force, as first described by Edman.8 We have characterized the passive force present in our preparations by administering a ramp shortening and relengthening in a relaxed cell. It is possible that the properties of the passive force measured in cardiac muscle at rest do not accurately reflect the behavior of the passive force after activation. However, it is impossible to determine the character of this portion of the force in an active muscle, although there is a report that passive forces in shortening skeletal muscle may actually be less than those present in resting muscle. 21 Because of the requirement that a specific amount of shortening should occur before data acquisition for analysis, loads above~45% were not analyzed, since these cells did not shorten sufficiently within 500 milliseconds to fully release the resting force.
Hyperbolic force-velocity curves were fit to the relative force-initial shortening velocity data using the Hill equation22: (2) (P+a)(V+b)=(P0+a)b where P is the force during shortening at velocity V, PO is the force during an isometric contraction, and a and b are constants. Despite the exclusion of points >45% PO, the curves were well fit using this equation (r2 > .95).
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
After each experiment, the myocyte was pulled free from one of the two micropipettes by vertically lifting one of the micropipettes from the experimental chamber. The cell, still attached to the micropipette in the chamber, was then lifted from the solution, and the pipette tip was crushed in a 0.5-mL microfuge tube containing 8 pL sodium dodecyl sulfate sample buffer. 23 The cell was stored at -80°C for subsequent analysis of the contractile and regulatory protein content by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Single cardiac cells were run on vertical sodium dodecyl sulfate-polyacrylamide gels using a multiphasic buffer system based on that of Davis,24 Ornstein,25 and Laemmli.26 The gel system differs from the Laemmli protocol in that the acrylamide to bis-acrylamide ratio is 200:1 rather than 37.5:1 in the running gel, the pH of the buffer in the running gel is 9.3 rather than 8.8, the molarity of the running gel pH buffer (0.75 mol/L) is twice that of the Laemmli gel system (0.375 mol/L), and the electrode buffer is also twice as concentrated. These changes resulted in maximum separation of the two myosin bands. The resulting gels were fixed in glutaraldehyde overnight, washed, silver-stained, and dried between mylar and cellophane sheets. 23 The relative proportions of the a-and 83-myosin heavy chains were then quantified using a laser scanning densitometer (Biomed Instruments, Fullerton, Calif) by determining the percentage of the total area under the two peaks attributable to each peak. It was assumed that the myosin heavy chains in adult rat myocardium were primarily homodimers, the V2 form being almost purely a transitional form. 27 Thus, the proportion of a-myosin heavy chain quantified was taken to be a measure of the proportion of fast V, myosin isozyme and the proportion of f-myosin heavy chain was taken as a measure of the proportion of slow V3 myosin isozyme in the cell.
Statistical Analysis
When testing for changes in velocity response of the cells, the parameters of the fitted hyperbolic curves were compared using a paired Student's t test. TensionpCa curves from different experimental conditions were compared using ANOVA. No ANOVA of tension-pCa data in this study was significant (P<.05). All data are expressed as mean+SEM unless otherwise indicated.
Results

Characterization of a-HemolysinPermeabilized Myocytes
The enzymatically isolated cells, after permeabilization with a-hemolysin, exhibited mechanical properties similar to but not always identical to those previously reported for mechanically dissociated cells in our laboratory. 20 Maximal force was 0.747+0.058 mg (n=26), which was comparable to that found in the mechanically isolated cells. Mean tension-pCa data from enzymatically isolated cells are shown in Fig 5 (mean pCa50,  5 .60). Whereas the Hill plot of the tension-pCa relation from mechanically isolated cells was biphasic, the plot for enzymatically isolated cells was monophasic with a Hill coefficient of 1.97. The main difference between the tension-pCa relations of cells obtained by the two isolation procedures was a decreased slope of the relation at low Ca2' levels in the enzymatically isolated cells, with no differences in slope at high Ca2+ levels or in pCa50. Five enzymatically isolated a-hemolysintreated myocytes were studied before and after further treatment of the sarcolemma with 250 gtg/mL saponin for 15 minutes (Fig 6) . Saponin treatment had no effect on the tension-pCa relation of the a-hemolysin-treated myocytes in that pCa50 and the Hill coefficient were unchanged.
Force-Velocity Relations
An example of a ramp shortening and relengthening imposed on a relaxed myocyte is shown in Fig 3 Despite the cool temperature, a significant decline in force was seen in all cells studied during the course of the experiment. Each isometric contraction generated less force than the previous contraction. This phenomenon has been reported in some preparations of skinned skeletal muscle,30 and the relation between maximum force and contraction number in our preparations bears a striking resemblance to the one shown in Fig 4 of that report. Similar to the results reported in that study, we found no significant differences between the parameters of the curves fit to velocity data collected early in an experiment when force was high and those fit to velocity data collected late in an experiment when force was lower (P>.20 for all comparisons). When load clamps occurring early in the experiment were compared with equivalent clamps later in the experiment (after decay of total force had occurred), velocities were not significantly different. All force clamps were normalized to the isometric contraction immediately preceding the clamp, so that there was a continuous accounting for the force decrease. Since the isotonic shortening protocol involved restretching the still-activated cell after the load clamp, the possibility of stretch activation during the protocol was considered. We concluded that stretchinduced activation was not confounding the data, since cells were first shortened and then relengthened to the original length, so that any stretch activation should merely counter prior shortening-induced inactivation. Sarcomere length after the stretch was unchanged from that of the previous isometric contraction at that We have characterized force-velocity curves from single permeabilized cardiac myocytes bathed in solutions having [Ca"] that produced either maximal activation or a low degree of submaximal activation. The mean shortening velocities during maximum activation are comparable to those obtained in bundles of living myocardium4,5 and may be somewhat faster when corrected for experimental temperature. Although slower than Vmax measured by slack test in mechanically disrupted myocardium,31 the difference is likely the result of the cooler temperatures used in these experiments. In addition, it has been shown that Vmax obtained by slack test experiments is higher than that obtained by extrapolation of the force-velocity curve in the same preparation. 34 The preparation described here allows mechanical measurements on single cardiac muscle cells and in some ways has characteristics that differ from our previously described, mechanically isolated ventricular cell preparation.20 Because of the harshness of the blender protocol previously used to obtain mechanically skinned myocytes, cells are Ca' -permeable immediately on isolation, which indicates that there is substantial disruption of the sarcolemma. The degree to which mechanical isolation may disrupt membrane-bound elements such as receptors and second-messenger systems is not known for certain, although mechanically isolated cells are generally unresponsive to adrenergic agonists or second messengers. In addition, the composition of mechanically isolated preparations is not known in every case, since the preparation may be composed of a fragment of a cell or a cell with fragments of other cells still attached. On the other hand, cells obtained by enzymatic isolation are indeed single cells that initially have functional membrane receptors and intact myoplasm. Subsequent permeabilization with a-hemolysin yields a preparation that has not been subjected to the mechanical shears of blender treatment and should thus have an intracellular composition that more closely resembles the composition of intact cells.
Cells that have been permeabilized by a-hemolysin are easily identified by their rapid and substantial force responses to maximally activating [Ca>2] levels. Mean tension-pCa relations from these cells are characteristically sigmoidal (Fig 5) and are not changed by exposure to saponin (Fig 6) . The pCa50 of the tension-pCa relation agrees well with values obtained by other investigators in single mechanically skinned cells35 and in chemically permeabilized myocardial strips.36,37 The relation differs from the one obtained previously from mechanically isolated ventricular myocytes from the rat20 in that it is well characterized by a single Hill coefficient. The primary difference is that the tension-pCa relation from mechanically isolated myocytes was significantly steeper at low [Ca2+] . Previous work38 in skinned skeletal muscle fibers has shown that decreases in filament lattice spacing result in reduced slope of the lower portion of the tension-pCa relation, and it may be that filament spacing in the a-hemolysin-treated cells is less than that found in mechanically isolated cell fragments, although myofilament spacing was not determined in this preparation.
Velocity of Shortening Under Load Slows With Time
Dynamic measurements of shortening velocity under load in a-hemolysin-permeabilized cells showed that the time course of shortening was curvilinear at all loads and at all levels of activation (Fig 8) . Curvilinear shortening during isotonic contractions of mammalian myocardium has been reported by several investigators, including Brenner6 and Chiu et al. 39 The basis for the decrease in velocity with time is presently unclear. Shortening inactivation of contraction, which has been observed in both skeletal4041 and cardiac4243 muscles, may contribute to the observed shortening behavior. In those studies, the tension-pCa relation was shifted to higher concentrations of Ca21 with decreasing sarcomere length, which has been interpreted as a decrease in sensitivity to Ca2 , perhaps indicating a reduction in Ca2'-binding affinity of troponin C. However, even with shortening, there is no decrease in maximum force other than the decrease that can be explained solely on the basis of changes in the length-tension relation obtained during maximal activation in skinned cardiac myocytes (reviewed in Reference 29). Thus, shortening inactivation in skeletal muscle preparations occurs primarily at submaximal levels of activation and increases as activation is reduced. Shortening recordings in the present study are more curvilinear at lower than at high [Ca2"], suggesting that velocity of shortening under a particular load slows because of the declining numbers of crossbridges as shortening proceeds. However 
Role of Resting Force in the Shortening Time Course
Because of the uncertainty as to the mechanism underlying the slowing of velocity during shortening, curvilinear shortening recordings are frequently analyzed by fitting a straight line to a small segment of the length tracing as near to the beginning of the load clamp as possible and determining velocity as the slope of this line. For a number of reasons, this type of analysis may be inappropriate when studying cardiac muscle at sarcomere lengths of >1.80 gm. First, there is usually a time lag of 5 to 10 milliseconds between the time of release and the onset of the clamp, so that a substantial slowing of shortening velocity could occur during this time, especially at low loads. In addition, the known effect of the unloading of passive elements onto the active elements during shortening and the resultant overestimation of shortening velocity under load8 will be greatest at early time points. When sarcomere length is long or undetermined, passive elements may thus contribute to inaccuracies in determining shortening velocities in cardiac muscle, especially at high loads, where shortening velocities are slow and passive force remains a substantial portion of total force during the entire shortening time course.
To obtain as accurate a velocity as possible, we fitted data that we believed were relatively unaffected by contributions from passive elements and extrapolated the fitted line back to the time of release to obtain the initial velocity. This task was eased considerably by the fact that the isotonic shortening tracings were well fit by single exponentials.6 The first derivative of the fitted line at time t,, yielded the velocity at the instant of release for each load. The velocities determined by this analysis were plotted against the isotonic load in a typical force-velocity plot, which was then fit with the Hill equation.
The contribution of resting force to shortening velocity can be seen when data at high loads are fit with single exponential curves and initial velocities are plotted versus isotonic load (Fig 8) . In these cases, the length changes during the high-load clamps were not sufficient to fully release the resting force, so that the force-velocity curves level off at a value considerably greater than zero and are not well fit by the hyperbola derived from analysis of velocities at lower load. In addition to an increase in isotonic shortening velocity in parallel with or part of the thick filaments.9,28 the presence of resting force, Edman48 has also demonstrated the presence of a double hyperbolic forcevelocity relation in skeletal muscle. 48 The existence of such a relation in cardiac muscle has also been demonstrated.9 Because of our lack of data at relative loads of >65%, we were unable to investigate this phenomenon in our preparations. This possibility could best be addressed by carrying out experiments at sarcomere lengths nearer 1.80 ,um. The experiments described here have, of necessity, better characterized the lowload region of the force-velocity curve in cardiac muscle. Therefore, we have fit our data with the more traditional single hyperbolic equation.
The high passive force present in cardiac myocytes appears to be an intrinsic part of intracellular structure and is not related to membrane mechanical properties. 28 is in all probability an interaction of active and passive elements that shorten at different intrinsic rates and with different time courses. In addition, there is almost certainly a passive elasticity present in cardiac muscle at short lengths that acts to resist further active shortening or to restore the inactive cell to its initial length. Under some circumstances, such as at low levels of activation and low external load, active elements may actually counter the tendency of passive elements to shorten, whereas at very short lengths, compression of passive structural elements may retard shortening by the active elements. At low levels of activation, recoil of stretched passive structural elements appears to dominate in determining initial shortening velocity. Also, unlike skeletal muscle, cardiac muscle may contain other structural elements associated with thick or thin filaments that act as a load to the muscle in a time-or lengthdependent manner. In the present study, elimination of intercellular connective tissue elements has provided a description of the shortening behavior of single cardiac myocytes under known isotonic loads. Additional work is required to identify the nature of an intracellular passive elastic element(s) that loads cardiac myocytes and affects the speed and time course of active shortening. The failure to observe the effects of the level of activation on shortening velocity in multicellular preparations15,5051 suggests that shortening of intact cardiac tissue is limited by passive connective tissue elements between cells. The importance of such elements is suggested by the inability of hypertrophied myocardium to sustain active force at short lengths52; ie, thickened myocardium appears to resist the deformation required to achieve shorter lengths. In view of this, it is of interest to consider the possible role of elastic forces in individual cells in the shortening behavior of the intact tissue. During venous filling of the heart, distension of the ventricular wall and concomitant extension of passive elastic elements would provide an assist to actively contracting elements during subsequent expulsion of blood from the ventricle at a time during which intracellular Ca>2 levels are falling. In addition, passive elastic elements that resist shortening of <1.80 gim, or so-called restoring forces, would aid in relaxation of the myocardium to optimal length during diastole. Without contributions from passive shortening of elastic elements intrinsic to the myocytes, shortening velocity would be reduced, twitch duration would be prolonged, and pump function of the heart may be less efficient, whereas diastolic function may be compromised in the absence of contributions from the restoring elasticity.
